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Synopsis 
The forms of bed roughness which develop on the bed of an 
alluvial channel are intimately related to the regime of flow, 
the size and gradation of the bed material, the depth of flow, 
and channel width-depth ratio as well as other less significant 
variables; such as, viscosity, seepage forces caused by inflow 
or outflow of water through the fluvial bed, and the concentra-
tion of fine material which effects the viscosity and specific 
weight of the water-sediment mixture. 
Based upon laboratory and limited field investigations, the 
major forms of bed roughness observed in alluvial channels in 
their normal order of occurrence with increasing shear on the 
bed for the tranquil flow regime are: 
1. Plane bed without bed material movement 
2. Ripples 
3· Dunes with ripples superposed 
4· Dunes 
5. Transition 
6. Plane bed 
1 Hydraulic Engineer, u.s. Geological Survey, Hydraulic Labora­
tory, Colorado State University, Fort Collins, Colorado. 
and for the rapid flow regime are: 
1. Plane bed 
2. Symmetrical standing sand and water waves 
3· Antidunes 
4· Extreme antidune activity ( chutes and pools ) . 
Resistance to flow and sediment transportation vary greatly 
as form of bed roughness changes. Consider the two sands with 
median diameters of 0.45 mm and 0.28 mm which have been thoroughly 
investigated in a large recirculating flume. For a dune bed con­
figuration, the Manning n varies from 0.019 to 0.04, and the 
corresponding bed material transportation rate ranges from 75 to 
1000 ppm. For the antidune condition, Manning n varies from 
0.014 to 0.020, �nd bed material transportation ranges from 6000 
to 42,000 ppm. 
Field studies by Colby (1957) and D. R. Dawdy, Research 
Section, Surface Water Branch, U.S. Geological Survey ( oral com­
munication, 1959) indicate that the behavior of an alluvial chan­
nel can be explained more satisfactorily if one is intimately 
acquainted with the regimes of flow and forms of bed roughness. 
For example, the change in resistance to flow which occurs when 
the form of bed roughness changes from dunes to plane bed or 
standing waves accounts for the discontinuity which has been 
observed in stage-discharge relationships on certain gaged 
streams. 
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REG !IViES OF FLOW 
Two r eg imes  of f l ow ar e common l y  r ecogn i zed  i n  the  f i e l d s 
of hyd r au l i c s and f l u i d mechan i c s. The s e  are the  t r anqu i l-f low 
and r a p i d  f l ow r eg imes. The s e  r eg imes of  f low ar e ad equa t e l y  
d e f i ne d  b y  t h e  s pec i f i c  ene rgy d i agram and/or the Froud e number , 
Fr. Tha t  i s , f l ow i s  tranqu i l  when t he no rm a l  d e pth i s  greater 
than cr i t i ca l  d e pth , and f l ow i s  ra p i d  when t h e  d e pt h  of  f low 
i s  l es s  than c r i t i c a l  d e pth . S im i lar l y ,  wh en the Fr oud e number  
Fr<( 1 ,  f low i s  t r anqu i 1 and when F r  > 1,  f low i s  rap i d. The 
Fr oud e number i s  d e f i ned , fo r open chann e l  f l ow as  
Fr  = V ( 1 ) vgrr 
i n  wh i ch 
V is the v e l oc i ty of f low i n  f ps , 
g i s  the grav i ta t i ona l acc e l erat ion i n  f ps 2 
D i s  the d e pth i n  f t. 
Norma l l y the mean ve l oc i ty V and d e pth D a r e  u s ed i n  
compu t i ng Froude  number . Howeve r ,  i t  i s  impo r t ant to r ecogn� z e  
tha t  w i th the e x t r eme var iab i l ity of f low cond i t i ons  wh i ch occur 
in  the cros s s e c t i on of a natural  a l l uv i a l  channe l i t  may,  und e r  
c er t a i n  c i r cums tanc e s , be  advan t ageous to cons i d er loca l  va l ues  
of  ve l oc i ty and d e pth and the  cor r e s pond i ng magni tud e of  Froud e  
number t o  he l p  expla i n  obs erved phenomenon . I t  i s  no t uncommon , 
when d ea l i ng w ith a l luv i a l  channe l s ,  t o  be  c onfr onted  w i th a 
s itua t i on wher e  th e Froud e number, bas ed on aver age V and D, 
i s  les s  than un i ty and yet  i n  the same  cros s s ec t i on ,  the loca l 
- 3 -
Froud e numbe r  Fr  a t  s ome po i nt s  exceed un i ty .  That i s, pa r t  
of  t h e  s t r eam i s  i n  the r a p i d  flow r e g ime and par t i s  i n  the 
t r anqu i l  flow r eg ime ,  and the a ppe arance of  the wat e r  s ur face 
illus t r a t e s  th i s  fact . 
As  c i t ed , the lo cal Froud e number  i n  an alluv i a l  channel 
i s  us eful t o  d et ermine whe ther  the flow i s  t r anqu i l or r a pi d . 
Howev e r , the  ab s olute  magn i tud e of  the Froud e number  i n  e i ther  
the  t ranqu il  o r  r�p i d  flow reg i me d e pend s on  the  s c al e  of  th e 
sys t em and i s  only quant i t at i ve l y  s i gn i f i cant f o r  the  s ys t em 
und e r  cons i d er a t i on. For ins tanc e , i n  the  l ar g e  r e c ircu l a t i ng 
flume wh i ch i s  8 f t  w i d e , the  dunes  only occur when 0 . 3�Fr <o.55, 
wher eas  i n  a lar g e  d e e p  r i ver , d un e s  can occur  wh en Fr<0. 3 . 
Als o  i n  th e lar g e  flume the beg i nn ing  of mo t i on o ccur s at a 
Fr.::::: 0.15 , whe r eas , i n  a very small flume u s i ng the  s ame bed 
mat er i al and w i d th-de pth r a t i o ,  t he beg i nn i ng of  mo t i on may 
oc cur a t  Fr > 1.0 . 
I f  the  Froud e number  F r  < 1 ,  the  wat e r  acc e l e r a t e s  o ve r  
the ar t i f i c i al o r  natural humps o n  the s t r eam b ed and d e c eler a t e s  
ov er  the d e press i ons  o r  t r oughs. Th i s  i s  i llus t r a t ed i n  F i gure  
la  and lb. When Fr  > 1 ,  the  wat er d e c ele rat e s  ov er  the humps  
and accel er a te s  i n  the tr oughs a s  illu s t r a t e d  i n  F i gur e lc and 
ld . F i gur e la a l s o i l l u s t ra t e s  a l ar g e  s e par at i on zone and the  
e x i s t ence  of  s t rong r ec i r culat i on i n  th e tr ough area  of a natural 
dune b e d  and the  fac t tha t  bo i l s a ppear  on t h e  wat er sur face  jus t  
d owns t r eam of  the c r e s t s  of  the s and waves . Th i s  type of s e para­
t i on zone and the turbulenc e wh i ch i t  gene r a t e s  d i s s i pat es  con­
s i d e r able ene r gy whi ch i ncr eas e s  the r e s i s tanc e  t o  flow wi th  the  
r i ppl e  and  dune b e d  forms . 
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Fig. I Relation Betwe en Water Surface and Bed Configuration in the 
Tranquil Flow and Rapid Flow Regime s. 
Some of  the sand s tream i n g  off the cre s t  of the  s and waves  
i s  carr i ed d owns tream and upward to  th e wat er s urface  i n  the 
bo il  i n  relat i vely large  c onc entrat i on s  as c ompared  w i th the  
averag e  s u s pend e d  load  c onc entrat i on. However , th e larg es t 
percent a g e  of  th e s and mov i n g  d ownstream as  bed  ma t er i al load , 
pas s e s  the cre s t  of  t he r i pple or dune and avalanc e s  d own the 
face  of  the r i ppl e  or dune caus i ng i t  t o  advanc e d owns tream i n  
the d i rec t i on  of  flow . 
F i gure lc  shows the ex i s t enc e o f  symmetr i cal s and and 
wa ter waves of s i nuso i d al form wh i c h  have been  d e s cri bed  mathe­
mat i cally wi th l i m i t e d  accuracy by the wr i t ers. The s e  s and 
and wat er waves  are commonly ob s erved in the  rap id  flow reg ime 
when the  med i an d i ame t er of  bed mat er i al d � 0.4 mm .  S t and ing 
waves  will be  d e f i ned in great er d e t a il lat er . There i s  l i t tle  
s e parat i on and rec irculat i on in  the rapid  flow reg ime when 
plane bed  and/or s t and i ng waves  ex i s t . I n  the s e  cas e s , the d i s­
s i pa t i on of  energy wh i ch i s  refle c t ed i n  the  r e s i s t anc e t o  flow 
i s  pr imar ily the result  of she ar on the bed  and the format i on 
of waves . W i th ant i d unes , wh i ch ar e d e scr i b e d  lat er ,  the 
res i s tance  to flow i s  relat ed to the  shear on the bed , the  
f orma t i on of  wave s ,  and the energy d i s s i pa t ed in  the breaking  
waves  wh i ch are s imilar to  the hydraul i c  jump . 
Energy i s  al s o  used on a rela t i vely small s c ale i n  alluv i al 
channels  to  caus e wa ter to  flow with i n  the s and bed i ts elf . I n  
g eneral , there i s  a flow i n  the porous bed  mat er i al (flume c a s e) 
i n  the d irec t i on of  channel slope . The  veloc i ty i s  qu i t e  small , 
on the ord er of a few hundredths to  a f ew t enths of  a f o o t  per 
mi nut e , bu t neverth ele s s , a s our c e  of energy d i s s i pat i on .  
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THE FORMS OF BED ROUGHNES S IN ALLUV IAL CHANNELS 
W i th i n  th e two reg imes of f l ow , the forms of bed c onf i gura­
t i on obs erved  i n  the l abora t ory f l ume, as  boundary shear is 
increas ed, are: 
Tranqu i l  F l ow Reg i me, Fr < 1 (Based upon l o c a l  va l u es of 
V and D) . 
1 .  P l ane bed  pr i or t o  the beg i nn i ng of bed  mat er i a l  
movement 
2 .  R i ppl es 
3 ·  Dunes w i th r i pp l es superposed 
4• Dunes 
5 .  Trans i t i on (dunes d imi n ish i n  ampl i tud e i n  f avor 
of  a p l ane bed  or rapi d f l ow c ond i t i on d e pend i ng 
on the chara c t er is t i cs of  the bed  mat er i a l  as 
bed  shear is increas ed) . 
6. P l ane bed (on l y  d ev e l o ped f or 0 . 28 mm sand) . 
Ra p i d  F l o� Reg ime, Fr > 1 (Based  u pon l oca l  va l u es of V 
and D) . 
1. P l ane bed  (a rather rare cond i t i on i n  the  ra p i d  
f l ow reg ime ,  a p l u g  f l ow c ond i t i on) . 
2 .  Symme tr i ca l  st an ding sand and wat er waves wh i ch 
d eve l o p  in  the i n i t i a l  phase of  the ra p i d  f l ow 
reg i me wi th the  0.45 mm sand . 
3 ·  Ant i dunes. 
4 ·  Extreme ant i dune  ac t iv i ty (chu t es and poo ls) . 
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The plane bed d ev elo ps in  the tranqu il r eg ime following 
the tr ans i t i on from dunes when d > 0 . 28 bec ause  of  the g r e a t e r  
mob il i ty and l a c k  of s t a b il i ty o f  the bed  mat e r i al . Tha t i s ,  
the magn i tud e of shear , yDS , r equ i r ed t o  el iminat e the  d unes  
i s  suff i c i ently small i n  th is s i z e range  that  when the  chan g e  
i n  bed  r oughne s s  o ccur s, and the plane b e d  r e sult s , t h e  Froude 
number  r ema i ns l e s s  than one . The bed will then r ema i n  plane 
unt il  the slope i s  inc r e a s ed enough to caus e the Froud e numb er 
to  equal one . A further  inc r ea s e  i n  slo pe at  th i s  po int  will 
d evelop  ant i dunes . 
The r e  ar e r e po r t s  i n  the l i t er a tur e of a plane bed  wi th bed 
ma t er i al movemen t wh i ch devel o ps before  r i pple s .  Howev er, bas ed 
upon expe r imen t a t i on ,  this  s e ems to be  a small flume phenomenon. 
The major f orms of  bed  r oughne s s  wh ich normally develop i n  the 
lar g e  flume and und er f i eld c ond i t i ons , ar e illus t r a t ed i n  F i g. 2 ,  
S i mons a nd R i cha r dson (l959) . The s pac ing an d ampl i tude o f  the 
r i ppl e s  ar e usually on the order  of 0 .5 �· 1 .5 f t  and 0 . 01 - 0 .1 
f t  r e s pect i vely . · The s pac i ng of  the dunes  i s  usually g r e a t e r  than 
2 f t , and the i r  ampli tud e s  range f r om 0 .15 f t  t o  many f e et d e pend­
i ng on the d e pth of  flow and s ed i ment charact e r i s t ics  of  the chan­
nel . ·  For  example , i n  small alluv i al channels  the dunes may be  
0 .5 - 1 f t  h i gh wi th  a s pac ing  of 5- 20 f t , wher eas , i n  the  M i s s i s ­
s i pp i  R i ver s and waves  of  dune form  have been  recorded  by Carey 
and Kell er (1957) wh i ch have lenghts  of s everal hund r ed (100) 
f t  and ampl i tud es  a s  lar g e  as  40 ft. 
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Fig. 2. Forms of Bed Roughness in Alluvial Channels 
The s t and ing  s and and wa ter  wave s  ar e waves  of  s i nus o i da l  
form wh i ch are  i n  pha s e  and wh i ch d o  not  move e i th e r  ups t r eam 
or d owns t r e am w i th t ime t o  any g r ea t  ext ent. However, these  waves  
do  vary in  ampl i tude wi th  t ime f r om p l ane s and and wa ter  surface  
to  a bed  wi th sand and wa ter  waves  wh i ch are  s ever a l  feet  h i gh . 
The amp l i tud e and s pac ing of  these  wave s  d e pend upon the s i z e 
and type of  s t r e am and the char act e r i s t i c s of the bed mat e r i a l . 
Th e wat e r  wav e s  ar e 1 .5 - 2 t i mes the ampl i tud e  of the s and 
wave s . The s e  waves  do not occur f o r  a l l s i z e s  of  bed mat e r i a l . 
They d i d o ccur when the bed  mat e r i a l cons i s t ed of  0.45 mm s and . 
They d i d not  occur when the bed  mat e r i a l  cons i s t ed of 0 . 28 mm 
s and. The s e  obs erva t i ons imply th at  s t and ing waves usua l l y  
d eve l o p  when t he med i an d i ame t e r  of th e bed ma t e r i a l  d i s  
l ar g e r  t h an 0 . 4 mm + and the l oc a l  F r  > 1 .  Fo r the  f i ne r 
s and s, d < 0.4 mm, ant i dunes form when the l o ca l Fr  > 1. 
The ant i dunes a r e  very s i m i l ar t o  s t an d i ng wave s  exc e pt the 
waves  c on t i nue to  g r ow in  amp l i tude to  the po i nt whe r e  they br eak . 
Ant i dune s have been obs erved in  na tu r a l  s t r eams tha t  have bed  
ma t e r i a l s  r ang i ng in  s i ze  f r om f i ne s and up  to  and i nc lud ing  
coar s e  Qr ave l .  B reak i ng of  the ant i dune  waves  usua l l y  occu r s  
when  the ampl i t ud e  of the wa ter  wave s  a r e  twi c e  the amp l i tud e o f  
the s and waves . A t  th i s  t i me, the  wa ter  su rface  i n  the t rough is  
a t  a ppr ox i ma t e ly the s ame e l eva t i on as the  c r e s t s  of  adjac ent 
s and waves . Th e s e  s and and wat e r  waves  move ups t r eam pr i o r t o  
b reak ing. One cr two waves may b e  a l l that break  at  one t i me o r  
the r e  may be a t r a i n  o f  sev e r a l  waves  wh i ch br eak mor e  o r  l e s s  
s i mu l taneous l y . Af t e r  ant i dune waves  break, a new t r a in of 
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wave s  d eve l o p  and the ant idune cyc l e r e pe a t s  i t s e l f  o r  the wav e s  
d i e  o u t  wi thou t d e ve l o p i ng to  the i r br eak ing po i nt and then 
r eform to break  o r  d i e  out aga i n . A s  i nd i ca t ed by Langbe i n  (1942) 
the Froud e number , wh er e ant i d une s f i r s t  f orm,  i nc r eas es  wi th 
i ncr eas i ng s i z e of  bed mat e r i a l . 
A s  s l o pe i s  i ncr eas ed, when Fr::::::1 . "2 f o r  0. 28 mm s a nd and 
Frz1 .8 for  0 . 45 mm sand, the ant i dune act i v i ty chang e s  s o  
tha t i t  i s  i n  t h e  f o rm of chu t e s  and poo l s . F l ow i s  r ap i d  and 
i s  acce l e r a t i ng i n  the  chut e s  and f l ow i s  t ranqu i l  i n  the poo l s, 
a s  i l l u s t ra t ed i n  F i g. 2h . Tha t i s, there  i s  a shor t s t e e p  
r each wh i ch pou r s  w a t er i n t o  a poo l wi th breaki ng waves  a t  i ts 
head . Th i s  po o l  i s  fo l l owed by a s e cond s t eep chut e ,  a poo l ,  
and s o  for th . 
The brea k i ng wave phenomenon (ant i dunes) r e s emble the 
hyd r au l i c  jump and can be an a l yzed wi th  some succe s s  as  such , 
par t i cu l ar l y wi t h  two-d i mens i ona l f l ow .  L a r g e  quant i t i e s of 
s ed iment ar e carr i ed i nto  s us pe ns i on i n  the  br eaking  ant i dune 
wave . 
I n  the b r e ak ing wave r eg i on and immed i a t e l y  d owns t r eam f r om 
i t, the ve l oc i ty r educe s d r a s t i ca l l y .  The s t or ag e  of  wa t e r  i n  
thes e s ect i on s  whe r e  the  wave s a r e  breaki ng cau s e s  Q t o  vary 
w i th t i me and th i s  act i on t end s to s et up s l ug f l ow .  F o r  exampl e ,  
i n  Mend ano C r e e k, wh i ch i s  l ocat e d i n  the San L u i s  Va l l ey of 
Co l or ad o , an t i dunes s e t  up s l ugs  of wa t er wh i ch t r ave l d own the 
channe l  s paced  at i n t erva l s  of about 350 f e e t, t r ave l i n g  at  
near l y  10 f ps . At  the t i me of th i s  obs e r vat i on, the  average  
d i s charge  Q was appr ox i mate l y  120 cf s, the  med i an d i ame t e r  of  
the  bed mat e r i a l  was 0 . 3 mm ,  and the chann e l  s l o pe wa s 1 . 67 pe r 
cent . 
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THE MAJOR VARIABLES \VHICH INFLUENCE FORM OF BED ROUGHNESS 
The maj o r  var i ab l e s  wh i ch appar ent l y  i nf l uenc e the  form 
of bed  r oughne s s  of a l l uv i a l chann e l s  a r e  i nd i ca t ed i n  Eq 2 ,  
S i mons and R i cha r d s on (1960) . 
The Form of Bed  Roughne s s  = ¢ (D, s, d ,  cr , cf , p , p S' 
JJ, s f , w ,  f s) 
i n  wh i ch 
D i s  the 
s i s  the 
d i s  the 
( 2) 
d e pth 
s l o pe of  ene r gy g r ad i en t  
med i an d i ame t er of bed  mat e r i a l ( s ome o ther  
may be  mor e  r e pr e s en t a t ive  i n  g r ad ed mate r i a l) 
cr i s  the  s t andard d ev i at i on of  bed  mat e r i a l  
Cf i s  th e concent r a t i on o f  f ine  s ed i men t 
p i s  the mas s d ens i ty of the wat er  
Ps  i s  the ma s s  d ens i ty of  the s ed i men t 
� i s  the dynami c v i s c o s i ty of  the w a t e r  
s f i s  the shape f a c t o r  o f  t he cr o s s  s ec t i on 
w i s  the fa l l  ve l oc i ty of the bed mat e r i a l  
s i z e 
f s i s  the s e epag e f o r c e  c aus ed by i nf l ow o r  outf l ow t o  o r  
f r om t h e  channe l .  
Inve s t i gat i ons  to  d a t e  a r e  not  b r oad enough t o  d e t e r m i ne the 
fu l l  eff e c t  of  d e pth of f l ow and shape fac t or of the r each on the 
f o rm of bed r oughnes s. However, the eff e c t  of  s l o pe on the form 
of bed  r oughness  i s  mo r e  d efin i t e l y  e s t ab l i shed , and qua l i t a t i v e l y ,  
t h e  eff e c t  of  t h e  char act er i s t i c s of  t h e  b e d  ma t e r i a l  (d , cr , and 
w) and the conc ent r a t i on of f i ne s ed iment Cf on the f o rm of  
bed  r oughnes s  have been  d e t ermined. 
- 12 -
The s e epage  forces  ar e d ev e l oped  a s  wa t e r  f l ows through 
the p o r ous boundary,  and they act  i n  the d i r ec t i on of f l ow. 
W i th outf l ow ,  the s e epag e force  i n cr eases the  e ffect i v e  s i ze 
of  b e d  mate ria l; wh ereas  wi th i nf l ow ing wat er , the effect ive  
sLze i s  d ecr e as ed . W i th f lumes , the  s eepage forces  are  r e l a-
t i v e l y  sma l l becaus e the  f l ow wi th in  the bed  mat er i a l mus t  be  
s et up by  the s l ope  of  the f l ume , and th e var i at i on i n  wat e r  
surface  e l evat i on such as  that wh ich  i s  a s soc i a t ed wi th dunes  
or  ant i dunes •. I n  a na tural s t r eam there  i s , in  ad d i t i on ,  
i nf l ow t o  o r  outf l ow f r om the channe l depend ing on the pos i -
t i on o f  the wa t e r  tab l e  wh i ch c auses  larger  s e epage  forces  than 
' 
tho s e  a s soc i a t ed wi th f l ume f l ow. F o r  examp l e , wi th i nf l ow 
the s e epage  f o rc e s can be  l arge  enough to  s e t  up a qu i cks and 
cond i t i on. I n  th i s  cas e ,  t he effec t i ve we i ght  of  the b ed 
ma t e r i a l  i s  i n  equ i l i br i um wi t h  th e s e epage f o r c e. H enc e, 
s eepag e  f o rc e s  c an change the effec t i v e  s i z e of  bed  ma t e r i a l  
suff i c i en t ly t o  chang e the form o f  b e d  roughne s s . 
The importanc e of s i z e  of  b e d  mat er i a l on form of bed  . . 
ro�ghne s s  i s  i l l u s t rated  i n  F i g, 3 .  Var ious f l ume data  and 
l i mi t e d  f i e l d  d a t a  we re  used  to e s t ab l i sh th i s  qua l i t at i ve 
r e l at i on ,  A l ber t s on and o ther s ( 1958). Th i s  F i gu r e  r e l at e s  
V-:�/w ,  V-:�d/v ,  s i z e  of  b e d  mat er ia l , and the form of b e d  c onf i gura-. 
t i on. Th i s  var i ab l e  V�:- i n  the p ar ame t er v�jw i s  the shear  
ve l oc i ty and 
v-:� = -ygrss {3) 
Ut i l i z i ng F i g.3 and the r e s u l t s  of ext ens ive l abo r atory and 
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Fig. 3 Qua litati ve 
and Forms of Bed 
'\:) 
Concept of R egimes of F low 
Roughness in Alluvial Channels. 
1. When bed  moveme nt b eg i ns , r i ppl e s  immed i at e l y  form 
for  the l ar g e  f l ume and the f i e l d cas e . W i th sma l l 
l abo r a t o r y  f l ume s , acc o r d ing t o  L i u  (1957) and o ther s, 
i t  i s  pos s ib l e  t o  have a p l an e  bed on wh i ch there  i s  
bed  mat e r i a l  movemen t pr i o r  to  the  deve l o pmen t of 
rippl es. Sma l l  f l umes y i e l d  d i f f e r ent r esu l t s  becaus e 
s ha l l ow f l ows mus t  be  u s ed to  e l im ina t e  o r  r educe wa l l  
eff e c t , wh i ch become  apprec i ab l e  when the w id th- d e pth  
r a t i o  i s  l es s  than 5 .  W i t h the s e  sha l l ow d e pth , the 
s l o pe mus t  be l ar g e  t o  ob t a in  the she ar (T = Y DS) 
nec e s s ary for beg i nn i ng of  mot i on . The s e  s t e e pe r  s l o pe s  
r esu l t  i n  Froude  number s  wh i ch, f o r  the  sys t em ,  are  t o o  
large  f o r  the occurr enc e o f  r i pp l e s  o r  dunes and cons e­
quent l y ,  a p l an e  bed deve l o ps . 
2 .  For a med i an d i ame t e r  of  appro x i ma t e ly  d > 2 . 0 mm 
r i pp l e s  appa r ent l y  no l onger  d eve l o p .  When bed  she ar 
i s  of suff i c i ent  magn i tud e t o  mov e th i s  s i z e of  b ed 
ma te r i a l, the r ange  of shear  a s s o c i a t ed  wi th r i pp l e s  
has b e en exceeded  and dunes  fo rm . 
3 .  For very  f i ne bed  mate r i a l  wh i ch i s  c ohes ive , i t  i s  
conc e i vab l e  that  r i pp l e s  may not f o rm .  A l though , th i s  
i s  no t ind i cated  i n  F i g.3. 
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4• Cons i d er i ng dunes , when d>?.O � mm, dunes 'no l ong er 
d eve l o p .  When suff i c i en t  sh ear occurs to  move t h is 
s i ze of  bed  mater i a l , Fr > 1 . 0 and dunes ar e no t a 
phenomena of the rapi d flow reg ime. Based  upon i nves t i­
g a t i ons c onduc ted  in sma l l f l umes, var i ous eng ineers 
have repor ted  d unes w ith Fr > 1; however , th is  bed 
form and assoc i at ed f l ow phenomenon may not  be the 
s ame as the dunes and correspond ing  f l ow phenomenon 
norma l ly obs erved in th e tranqu i l  f low reg ime .  
5. For f ine bed  mat er i a l  d <. 0.2 mm the rang e  of  shear 
i n  wh i ch dunes d eve l op is  v ery l i mi t ed. W i th very 
f i ne sand , dunes may no t occur! 
6. There  is a trans i t i on zone  fo l l ow i ng dunes i n  whi ch 
the dun es are gradua l l y washed out. W i th 0 .45 mm sand, 
the  dunes were no t compl e t e l y  erased un t i l  the rapi d 
f l ow reg i me was reached . W i t h the f i ner sands , d = 
0 . 28 mm, the dun es wer e compl ete l y  erased  at  a Froud e  
number Fr < 1.0 and a p l ane  bed  was est ab l ished . ·  
Because of the r educ t i on in  s lope and d e pth due  
t o  the reduct i on i n  res ist anc e to f l ow, as the  dune 
form of bed roughness chan g es to p l an e  bed and the  
reverse cond i t i on; when p l ane bed  chang es to  dun es ,  
F i g. 3 w i l l  no t se parate  the trans i t i on dune runs from 
the p l ane  bed. 
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7 .  A p l ane bed c ond it i on d ev e l o ped  i n  the tranqu i l  f l ow 
reg i me when the bed mater i a l was f ine  becau s e  of  the 
mo b i l ity of the f ine  mater i a l . That i s, the f i ner 
th e bed mat er i� l , the l es s  th e s h ear requ i red to  
change  the bed  conf igurat i on from dun e s  t o  p l ane bed  
and the  w i der th e range of  sh ear in  wh i ch th e p l ane 
bed d eve l o ps . For very f i ne mater i a l, part i cu l ar ly 
i f  it i s  s l i ghty c ohes iv� it may be  pos s i b l e to 
sque e z e  out both the r i pp l e  an d dune z ones . I n  th i s  
c a s e, the on ly  forms of bed  conf i gur at i on i n  thi tran­
qu i l  zone wou l d  be p l ane bed without bed  mater i a l  move­
ment and pl ane bed with bed  mater i a l  movement . 
8 .  When d > 0. 30 � mm, the form of bed roughne s s  wh i ch 
f o l l ows the trans i t i on z one, in  wh i ch the dun es  are 
e l im inat ed, i s  stand i ng wave s . That i s, ther e is a 
zone  i n  whi ch the shear T i s  of  such magn i tude  that 
Fr > 1 . 0 but the bed mater i a l  i s  suff i c i ent l y  stab le 
that  ant i dun es w i l l  not form . L arger she ar ing for c e s  
mus t  b e  exert ed o n  the bed  mater i a l  b efore  ant i dunes 
c an d eve l o p. 
9 .  When d < 0. 30 + mm ,  the bed  cond i t i on wh i ch d eve l o ps 
f o l l ow i n g  the pl ane bed w ith s e d ime nt movement  i s  
ant i dune s. At va lu es  of shear s tr e s s  wher e th e Fr r: l  
the ant i dune act iv ity i s  mi l d  and the res i s t anc e to 
f l ow i s  on ly  s l i ght l y  gr eat er th an fo r th e p l ane 
bed . As  the sh ear str e s s  is  i ncr eased the v i o l enc e 
of  the ant i dune act i v ity i ncr e a s e s  unt i l  at l arge  
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shear va l ue s  the chu t e  and poo l cond i tion i l l us trated  
in  F i g  2h d eve l o ps. With the inc r e as e in  antidune 
act i vi ty there is an incre a s e  in  r e sis tanc e to  f l ow ,  
and the sma l l er the m ed i an siz e of  bed mat e ria l th e 
gre a t e r  the  inc r ease  in r e s i s t anc e for  a g i ven 
measu r e  in shear s t r e s s . 
THE EFFECT OF SI�E AND SHAPE OF 
LABORATORY FLUME ON THE FORM S OF BED ROUGHNESS 
A s  a by-produc t of cu rrent s tudies  of resis tance  to f l ow 
and s ed iment trans port a tion in l aboratory f l umes  i t  has  become 
a ppar ent, a s  former l y  i ndicat ed , tha t the fo rms of bed  rough-
ne s s  observed wi t h  a .given a l luvia l  bed  mater i a l  may be  qu i t e 
d i f f erent i n  d i ff er ent siz e s  of  f l ume s , other co nditions be ing  
e s s entia l l y the  s am e . 
Us i ng a l ar g e  f l ume  150 f t  l ong, 8 f t  wid e ,  and 2 f t  d e e p , 
and d e pth of f l ow ranging from 0 . 3 t o  1 . 0 f t ,  the forms of  bed  
roughnes s ob s erved in the two r egimes  of  f l ow were as i l lus tr a t ed 
i n  F i g . 2 .  The s e  forms of bed  roughne s s  s e em to  agree  wi th f i e l d 
cond i t i ons . Using the 0.45 mm bed  mat eria l in a sma l l er f l ume 
which was 60 f t  l ong, 2 ft \vid e ,  and 2 .5 ft d e e p ,  and d e pth of 
f l ow rang i ng f rom 0 . 2 to  1 . 0 f t, the obse rved  bed c onfigura-
t i ons  were d i ff e r ent . Mor e s pecific a l l y ,  the p l ane bed  cas e 
pr i or to  beginning of m o tion is the sam e  in the sma l l f l ume as  
in the l ar g e  f l ume . However, when  bed  movement began , rippl es  
did not  form in  the  sma l l  f l ume. In  fac t, rippl es  never d eve l o ped  
in  th i s  f l ume wi th  thi s  size  of bed  mat eria l .  When bed  sh ear 
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in the smal l flume was i nc r e a s ed suf f i c i ently , the p l ane bed 
was r e plac e d  by dune s. The s e  dun es  wer e  s i m i l ar in  he i ght and 
l eng th to tho s e  wh i ch occur i n  the l ar g e  f l ume , but the s e  dunes  
neve r , a t  any t i me ,  had  a r i ppl e r oughne s s  s uper po s ed on  th em 
as was the cas e in th e 1a r g e  f 1 ume. 
I n  the r a p i d  f l ow reg ime c ond i t i ons are  qu i t e s i mi l ar for  
bo th the l a r ge and sma l l f l ume runs. However ,  the r e s i s tance  
to  f l ow i n  the sma l l f l ume was  much g r ea ter  than i n  th e l ar g e  
f l ume . Th i s  r e su l t s from the sma l l e r w id th- d e pth ra t i o  i n  the 
smal l f l ume whe r e by a lar g e r  per c ent of  the t o t a l  w i d th of 
the f lume i s  occupi ed w i th ant i dune act i v i ty .  
The r e su l t s  of th i s  c ompar i s on ind i ca t e  th e many pr ob l ems 
tha t  the expe r i menter faces  who t r i e s t o  eff ec t ive l y  ut i l ize  
the data  colle c t ed by  var i ous  i nv e s t i ga t o r s  f r om the i r  f l umes 
of  d i fferent  s i z e  and d es ign . 
VAR IAT ION OF Re S I STA NCE TO FLOW WI TH FORM OF 
BED ROUGHNESS  USI NG THE L ARGE FL UME DATA 
The i nf l uence of  s ize  of b e d  mat e r i a l  on the fo rm of bed  
r oughn e s s  and r e s i s t ance to  f l ow i s  i l l us t r a ted  in  F i g. 4  wh i ch 
r e l a tes  Mann i ng n , the Fr oud e number  F r  , and s i z e  of  bed 
ma t e r i a l  d • 
The two s e t s  of data  upon wh i ch thi s  r e la t i on i s  bas ed 
we r e  c ol l ec t ed in a r e c i rculat i ng f l ume 150 ft l ong , 8 ft wi d e , 
and 2 f t  d e e p  wi th adjus table  s l o pe S and var i a b l e d i scharge  
Q. The s and bed i n  the f l ume wa s appr o x i ma t e l y  0 . 6 f t  d e e p . 
For  mor e  s ha l l ow sand bed s, i n  the l ar g e  f l ume, d e pth of s and 
i nfluenced th e f o rm of bed r oughness and dun e s  cou l d not  fu l ly 
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Fig.4 Effect of Size of Bed Material 
on Form of Bed Roughness and Manning n 
The range o f  Froude ncmber  (based on average  ve l o c i ty and 
d e pth)·· i n  wh i ch the p l ane bed  \v i thout sed i ment mov eme nt ,  and 
the  r i ppl es and the dunes occur  was appr o x i ma t e l y  th e same for  
both sands. H owever , the  var i ous for ms occu r r ed a t  much f l a t­
t er s l o pes f o r  the  0. 28 mm sand than for the 0 .45 mm sand. 
W i th the 0 .45 mm sand the t r ans i t i on zone (zone of  washed out  
dunes) ext end ed  over a r e l a t i v e ly br oad rang e of  F r oud e number 
Fr . That is , f r om Fr = 0 .5 to Fr = 1 at wh i ch t ime the f l ow 
r eg i me changed  f r om t r anqu i l  t o  r a p i d. W i th the 0 . 28 mm sand , 
the t r ans i t i on zone was of l i mi ted  rang e . Care  had t o  be  
exe r c ised  i n  o r d e r  not  to  m iss the t r ans i t i on phenomenon com­
p l e t e l y .  Beyond th e tians i t i on z one , st i l l  cons i d e r i n g  th e 
0 . 28 mm sand , ther e was a p l an e  bed  conf i gu r a t i on wi th  bed 
ma t er i a l  mov ement wh i ch ext end ed f r om 0.55< F r  < 1. 0 as 
pr ev i ous ly  i nd i c a t ed. 
I n  the rap i d f l ow r e g i me ,  us i ng the 0 .45 mm sand , stand i ng 
waves deve l o ped when l .O<Fr< l . 3 .  1;/hen Fr> l . 3 ,  ant i dunes 
d eve l o ped wh i ch grew mor e  v i o l ent an d increased  i n  s i z e as 
Fr was i nc r e ased. V>/ i th the 0 . 28 mm sand , an t i dunes actua l l y 
d e ve l o ped  as soon as Fr  > 1 and the deg r e e  of  ant i dune act i v i ty 
i ncr eased  wi th  i ncr eas ing Fr oud e numbe r  Fr . However , there  
was an  upper l i mi t t o  the mag n i tude o f  the Fr oud number . Because 
as the shea r  s t r ess was i nc r eased  by inc r eas i ng slope  the ant i­
dune act i v i ty incr eased wi th a cor r espond i ng r api d incr eas e  i n  
d iss i pa t i on of  energy . Th is  i ncr ease  i n  energy d iss i pat i on 
caused  the v e l oc i ty and the Fr oud e number  to  d ec r ease . I t  
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a ppeared  that  for  the l ar g e  f l ume the u ppe r l i mi t of  the Froude  
number  f o r  the  0 .45 mm sand  was 1 . 7 and for  th e 0 . 28 mm sand  
i t  was 1 . 2 .  W i th the  0 . 28 sand , a t  the  max i mum shear  str ess, 
the chute  and poo l phenomenon i l l us t r a ted  i n  F i g . 2h had 
d eve l o ped and the Fr oud e number  had d e c r eased to l ess than 1�2 . 
W i th the 0 . 45 mm sand  at  the max i mum shear s t r ess obta i ned , 
the chut e  an d poo ls had no t d eve l o ped . However , i t  is ant i c i­
pat ed tha t a t  l ar g e r  s l o pes chu t es and poo ls wou ld deve l o p .  
I n  the p l ane bed rang e , pr i or t o  r i pp l es ,  the Manni ng n 
is l ar g e r  f o r  the d = 0 . 28 mm sand , th an for  the d = 0 .45 mm 
sand . Th is c an be  expl a i n ed , at  l e ast par t i al l y ,  by c ons i d er­
i ng the g r ad a t i on of two sands . The sand w i th the sma l l er 
med i an d i ame t e r  had a l arger  standard  d ev i a t i on .  S ome par t i c l es 
wer e  3 4 mm i n  d i ame ter . The l arges t  s i ze of  mater i a l  in  
the 0 .45 mm sand was 2 . 0 mm . Henc e , the gr a i n  roughness was 
l ar g e r  f o r  the f i ne sand b e cause of  the sma l l per cent  of  l arge  
par t i c l es wh i ch i t  c onta i ned and wh ich extended i nt o  the  f l ow 
i n  the p l ane bed case . I n  the r i pp l e  z one the n va l ues a r e  
a lso l ar g e r  for  the 0 .28 mm sand . Th is is a t t r i buted  t o  the 
fact tha t t he r i ppl e s pa c ing was s l ight l y  sma l l er than for  the 
0 .45 mm sand . 
I n  the dune r ang e the o ppos i t e  c ond i t i on pr eva ils . The  
Mann i ng n is l a r g e r  for the  0 .45 mm sand bed  than for the 0.28 
mm sand .bed . The i nc r ease  i n  r es istance  t o  f l ow wi th  i nc r e as in g  
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s and siz e ( dunes ) is  c ont rary  t o  the t r end r e por t ed by L e o po l d and 
Madd ock  ( 1953) . This incr ease in r esi s t anc e is expl ained by the 
differ ence in the s pacing an d i r r egularity of the dunes . Th e 
dune s observed  whi l e  experime nting with the 0 . 28 mm s and wer e  
s paced  c onsiderab l y  fu rther  apar t than the dunes f o r  the cor r es pond­
ing c onditions using the 0 .45 mm sand. The amp litudes of the dun e s  
were about t h e  same f o r  h0th sand s . H owever, lhe d owns t r eam 
face of the dunes wer e  of a f l at t e r  mo r e  r ound ed na tur e f o r  
the 0. 28 mm s an d  t han fo r the 0 . 45 mm sand, a nd th e r ecircu l a-
tion in the t r ough was c onsid e r ab ly  we aker . The l arge s pacing 
b e tween  the dunes and the  sma l l er int ensity of r ecir cu l a tion 
and tur bu l enc e in the troughs account s for the fact  that  s ome 
rippl e r uns exhibi t e d  a l arger n va lue  than the dun e  runs 
whe r e  the 0. 28 mm s and was u s e d . The f l ow ove r the l ong p l ane 
bac ks of  the s e  dunes was qui t e  effici ent, r educing the over-
a l l r e si s t ance t o  f l ow to a va l u e  l ess than tha t  compu t e d  for 
the ri ppl e cas e . 
Using the 0 .45 mm san d ,  the d une s gave much l arger n 
va l u e s  than the ripp l es becau s e  of  the r e l ative ly c l ose s pacing 
of  the d unes, the s t r onger ci r cu l a tion in the dune t roughs , 
and the g r e a t e r  magni tude of  turbu l enc e . 
I n  the t r ansi tion zone th e r e  is  a r a pid r eduction of r esis -
t anc e t o  f l ow which continu ed  t o  d e c r e a s e  wi th inc r easing Fr 
unti l th e p l ane bed  or sma l l  s tanding wave cas e  is r eached. 
The s e fo rms of  r oughnes s  have a minimum n va l u e s. 
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I n  the ant i dune r ang e n va lues inc r e ase  M th incr eas ing  
Fr . Howeve r, the  r a te of  inc r eas e  is  much mo r e  rap i d f o r  the 
0 . 28 mm sand  than f o r  the 0 .45 mm sand . Th is i nc r ease  in  r es is­
t ance  wi th i nc r eas i ng Fr is  r ef l e c t ed d i r ec t l y by the sca l e  
and f o rm of ant i dune ac t i v i ty an d t he magn i tud e o f  sed i men t 
load • . Tha t is f o r  a g i ven va lue  of  Fr� 1, the r es istanc e  
to  f l ow and b e d  mater i a l  t r anspor t i ncreases as the me d i an 
s ize of  bed  mat e r i a l  is  d ec r e as ed. 
EFFECT O F  F I NE SEDIMeNT ON THE FORM O F  BED ROUGH NESS 
A ser i es of equ i l i br i um runs wer e m ad e  by the wr i t ers in 
the r e c i r cu l a t ing  f l ume to d e t ermine  the effect  of  f i ne s ed i ment 
( benton i t e  c l ay ) on r es is tanc e to f l ow and bed mater i a l  t r ans­
por t a t ion . The bed ma t e r i al ut i l i z ed had a med i an d i ame t e r  
d = 0 . 45 mm . Bent on i t e  c l ay , wh i ch passed a numbe r  200 s i eve , 
was add ed to the wa ter  unt i l th e des i r ed conc en t r a t i on of  f i ne 
sed i ment was obta i ned . The conc ent r a t i ons of c l ay inv est i g at ed 
r ang ed f r om 0 t o  42 , 000 ppm. Th e r e  was a pro b l em assoc i ated  
wi th the study of effec t of  f i ne  sed ime nts . In order  t o  ho l d  
the conc ent r at i on o f  f i n e  sed imen t constant, add i t i ona l c l ay 
had t o  be  con t inuous l y  added  to r e place  the c l ay wh i ch was 
t r ansf er r i ng f r om sed iment mi xtu r e  above the sand bed  to  t h e  
i nt erst i t i a l  water  i n  the bed ma t e r i a l. Th e int erst i t i a l  wat er 
i n  turn l ost some of its f i ne  sed i ment l o ad as a r esu l t  of  
d e pos i t i on on the flume f l oo r . That is, at  the contact  betwe en 
the sand bed and the fl ume f l oor , some of  the bent oni t e  at t ached 
i ts e l f  to  the r i g i d boundary and s l owly bu i l t  up a l ayer of  
c l ay wh i ch i nc r eased in  th i ckness lrJ i th t i me and r educed  the 
c oncent r a t i on of  benton i te i n  suspens i on i n  the f lume• 
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As a r esul t of th is  study , i t  is  poss i ble to  evaluat e the 
qual i ta t i v e  effects of the pr esenc e of  the clay in  the wa ter­
sed i m en t  com plex  on the fo rms of b ed r oughness . I n  th e r i pple 
z one when th e c onc ent r a t i on of clay was on the  o r d er of 2000 
ppm , t he bed was par t i ally s t ab il ized . The r i pples wer e  
al t e r e d  t o  a r ound ed  mor e s t reaml i ned form ,  �nd the  wat e r  
su rfac e was c overed  w i th m i nu t e  r i ppl es a bove t hos e por t i ons 
of the b e d  whi ch w e r e stab il ized , such as one obser ves wh en 
wat e r  flows ov er  a st able gravel bed. 
I n  the  dune zone the r e  was an i ncr ease i n  th e spac1ng of 
the dunes and an effect  on shape, but the r e  was no apprec i able  
eff e c t  on  the am pl i tud e o r  movemen t of  the  dunes wi th c onc ent r a­
t i ons of f i ne sed iment up t o  30 , 000 ppm. At  a concen tr a t i on of 
40 , 000 ppm f i ne mater i al ,  the r es is t ance to  flow was r e d uc ed as 
much as 40 pe r c ent. The d ec r e ase  in  r es ist anc e t o  flow can be 
expl a i ne d  by the i ncr ease  in spac i ng and the change in shape 
of the dunes r esul t i ng f r om the r educed  effec t i v e  s ize o r  
d e c r e ased fall velo c i ty o f  b e d  mat er i al. Spec i f i cally , con­
c ent r a t i ons of f i ne sed imen t  on the o r d er of 100 , 000 ppm will 
i nc r eas e  the appar ent v iscos i ty of the wa ter  sed iment m i xture  
over  tha t of wa t e r  alone by  900 pe r c ent , i nc r e ase the  spec i f i c  
we i ght of  th e wa t e r-sed imen t m i xture to  about 67 l b  pe r c u  f t , 
and r educ e the eff e c t i ve s ize  of bed mater i al a pprox imately 
50 pe r c en t .  
The effect  of th e presenc e of f i ne  sed iment was essent i ally 
the same  f o r  the trans i t i on zone as f o r  dunes. 
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I n  the r a p i d  f low r eg i me the add i t i on of a few thousand 
ppm of f i n e  sed iment conver t ed p l ane  bed and stand ing wave 
runs i nto ant i dune  r uns . Th is proc ess was r evers i b l e .  I f  
th e f ine s e d iment was f l ushed from the f l ume sys t em, the run 
r e turned to i ts or ig i na l  p l ane bed or  stand ing wave fo rm. Th is 
r esu l t  is  aga i n  probab l y  due to the reduced  eff ec t ive  s i z e o f  
the bed  ma t e r i a l , the  change i n  v iscos i ty and the change  i n  
momentum t r ansf er  caused  by the pr es ence o f  the f ine sed i men t. 
Th e pr esenc e  o f  th e f ine  sed i ment i n  conc en t r a t i ons l ess than 
42 , 000 ppm had l i t t l e  effect  on r es istanc e to f low and bed 
mat er i a l t r anspo r t a t ion in th e r a p i d  f low r eg ime . 
VAR IAT ION OF BED MATER IAL LOAD AS A FUNCT I ON OF BED FORM 
The r ange of magn i t ud e  of the to ta l  concen t r a t ion of bed  
ma ter i a l  load is d i r e c t l y  r e l at e d  to the f o rm of bed  roughness . 
I n  the l ar ge f l ume the concent r a t ion in ppm fo r r i pp l es and 
dunes was pr ac t i ca l l y th e same for the two sands invest igat ed. 
Wher eas , in the r a p i d  f low r eg i me , t h e  max imum conc ent r a t ion 
of the to t a l  loa d fo r the 0. 28 mm sand was about thr e e  t i mes 
g r e a t e r  than the max imum concen t r a t ion of the to t a l  loa d for 
the 0 .45 mm sand. However , i t  must be r emembered  that t he 
change from on e bed fo rm to ano ther occur r e d  at much f l at t e r  
s lopes and sma l l er shears fo r the  0. 28 mm sand than the 0 . 45 
mm sand , everyth ing e lse ke pt constan t . A summary  of the 
for ego i ng data  is g i ven in  Tab le I .  
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TAELE 1 - Variation of Total Sediment Concentration, 
Manning n , the Froude number and Slope of Energy 
Gr�dient with Regimes of Flmv and Forms of Bed 
Roughness. 
Bed Material is 0.28 mm,sand Bed Material is 45-mm.sand 
Tranquil Forms of Concentration of 
Sxl02 
Concentration 
Sxl02 Flow Bed Roughness Total Load n Fr of Total Load n Fr 
Regime 
Plane 0 0.016 0.15 .011 0 0.015 0.18 0.015 
• • •  ,-.of 
Ripples 1 .022 .17 .023 1 .018 .14 .016 
to to to to to to ·to · to 
150 .028 -37 .11 100 .026 .28 .11 
Dunes 150 .021 -34 .09 100 .017 .30 .06 
(\) to to to to to to ·to to --l 
1,000 .025 .42 .15 1,000 .040 .40 .30 
• . .  Trans. 1,000 .014 .56 .13 1,000 .014 .60 •30 
to to to to to to to ·to 
2,000 .017 .67 .17 4,000 .020 .99 .so 
Plane 1,500 .013 .60 .15 
to to to to 
3,000 .014 .92 .28 
Rapid 
Flow Standing 
Regime Waves -- - --- --- -- - 4,000 .010 1.0 ·36 
to to to ·to 
7,000 .015 1.6 .62 
Antidunes 5,000 .014 1.0 ·33 6,000 .012 1.4 .66 
to to to to to to to ··to 
42,000 .,24 1.3 1.0 15,000 .013 1.7 1.0 
PRED ICT IO N  OF FORM O F  BED ROUGHNES S 
Thus f ar , no c om p l e t e l y  ad equa t e  m ethod of pr e d i c t ing f o rm 
of bed r oughne s s  has been d eve l o ped . Us i ng the par ame t e r s  ind i ca-
t e d  in F i g . 3 ,  A l be r t son and othe r s  (1958) pre s ented a me thod 
su i t ab l e  f o r  pred i c t i ng bed  forms for  the la bor atory c as e ,  but 
it was not comp l e t e l y  s at i sfactory f o r  the  fi e l d  cas e . As ano the r 
pos s i b i l i ty ,  cons i der  F i '9• 5 wh ich is  s im i l ar t o  that pr e s ent ed 
by Garde  (1959) . Th i s  Figu r e  r elat e s  the Sh i e l d's par am e t e r  
yj6yd ,  t he Froud e number , F r , the r eg ime of  f l ow ,  and f o rm o f  
b e d  roughne s s . A s  compared  t o  F i g . 3 ,  F i g . 5 is  i nfer i or f o r  
the l abor at o ry case  but sl i ght l y  s upe r i or for  the f i e l d  cas e . 
Unt i l  add i t i onal  data  are ava i l ab l e  wh i ch cover an adequate  
r ange  of  d e pth , D ,  i t  wi l l  be  d i ff i cu l t  t o  d eve l o p  the c r i t er i on 
nec e s s ary  to  pr e d i ct form of  bed  roughness i n  a l l uv i a l  channe l s  
with conf i d ence . 
' 
I n  the meant ime ,  the po s s i b i l i ty o f  pr ed i c t ing the bed  
configu ration bas ed  upon the  appe a r anc e of  the wa ter  surface 
shou l d  be c onsid e r ed . Th i s  me thod i s  no t a pp l i cab l e  t o  d es i gn 
but i s  ext r em e l y  us efu l for  ana l ys i s .  However , s ome t r a in i ng 
i s  r equ i r e d  on the pa r t  of the i nd iv i dua l bef o r e  he can app l y  
i t  eff ec tive l y .  A s  � t h  o th er method s ,  the r e  i s  a l ack of 
info rmation on eff e c t  of  d e pth on the a ppe a r anc e of  the wa ter  
surfac e ,  but  in  thi s  cas e , this d ef i ciency of  data  is no t s o  
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The r egime of f l ow can be d e t ermine d  by obs erving  the 
di r ection of t r ave l of an ar tifica l l y induced wat e r  s urface 
ripp l e  or  wave using the  wave c e l a rity conc e pt . I f  the dis­
turbance g enerated t o  o ppo se  f l ow moves  ups t r eam wi th r e s pect 
to a fixed  point of  obs ervation , f l ow is t r anqui l , and if it 
is  swe pt d owns t r eam , f l ow is r a pid . I t  is a l so  pos sib l e  t o  
make this d e t e rmina tion i n  a n  a l l uvia l  channe l b y  o b s e rving 
the condition of the wa ter  surface. 
I f  the f l ow regim e is r a pid , the r e  wil l be  s ome evid ence  
of s t andin g waves  and/or antidune s a s  i l l us trated  in fig.2f, 
2g , and 2h. I f  the se  waves  ar e in evid ence , they immedia t e ly 
fix the gene r a l  form of  bed roughnes s which exi s t s  and the wat e r  
s ur face and accom panying s and waves  a r e  i n  pha s e . I f  t h e  f l ow 
r e gime is tranqui l , t he major  ris e s  in wat e r  surface (usua l l y 
boi l s) wi l l  be  out  of phas e �th the s and wav e s . for  a ripp l e d  
bed , t h e  wa t e r  surfac e  wi l l  b e  qui t e  pl ane a nd pl acid exce pt 
f o r  very sha l l ow f l ow at which time  sma l l  ripp l e s  are  g ene rated 
on the wa t e r  su rface by the s and rippl e s . With  a dun e  bed  con­
figurati on , ther e wi l l  be turbu l ence g enerated  a t  the wa t e r  sur­
face in the f o rm of boi l s  d owns tr eam of the d unes . Usua l l y  the 
co l o r  o f  the wat e r  i s  differ ent in the boi l area  due  t o  the 
l a r g e  concentration of su s pend e d  s ediment car ried to th e wat er 
s ur face within the boi l . The s t r eng th of  the boi l activi ty is 
d e pend ent on the magnitud e ,  s pacing a nd s hape of the dunes, and 
the d e pth of  f l ow .  I n  the  t r ansition z one the wa ter surface 
wil l  be  r a ther p l ane  with minor boi l s  appearing on the wa ter  
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s urface  and ve l ocitie s wi l l  exceed  2.5 f ps , except in the c ase 
of very fine bed materia l . Wi thin the p l ane  bed r an g e , ve l o city 
of f l ow wi l l  be r e l ativel y l ar ger  than for t r ansi tion condition . 
The wat e r surface wi l l  be qui t e  p l ane except  for  po s sib l e  sur-
face  waves  which ar e gene r a t ed by dis turbanc e s  a l ong the sid es  
of  the channe l. 
A pplica tion of this information , when it  is avai l ab l e ,  
makes pos sib l e  a mor e  significant int e r pr e t a tion of s t age-
di s cha r g e  r e l at i ons  and o t h er f l ow phenomenon ObsetVed�4n 
alluvial.channels . 
FIELD PRO BLEMS 
A s  indicat e d , the c ondit i ons obt a i n ed using the l ar g e  
f l ume a g r e e  quite  we l l  with  c ondi tions o b s e rved in t h e  fie l d, 
except the  fie l d  ca s e  is  much mor e com pl e x. I n  t h e  fie l d  mor e 
than one form of bed  r oughne s s  can exi s t  sid e by side M thin 
a given r e ach . I n  the ext r eme  it is c onc eivab l e  that ripp l e s  
may d eve l o p  ne ar the banks o f  a s tr e am ,  dunes  may exi s t  insid e 
the ripp l e  zone s , and p l an e  bed o r  pe rhaps s t anding wav e , d e-
pending on the  char acter i s tic s of  the bed  mat e r i a l , may deve l o p  
d own the c ent r a l  s ec t i on o f  the channe l o r  wher ever  maximum 
�-�. 
ve l oc i ty occur s i n  t he channe l .  Cons i d e ring the f l ume ,  us ua l ly 
on l y  one f o rm of bed r oughne s s  exi s ted . However , two forms of  
bed  r ou ghnes s  cou l d  be se t  up simu l t aneous ly  by  ope r a ting the 
flume at a relativ e ly s t e e p  s l o pe an d sha l l ow d e pth . 
- 31 -
I n  the f i e l d , the sl o pe of  ene r gy g r ad i en t  thr ou gh a g iven 
r each of chann e l varies  with i n  nar r ow l imit s  a s  the d i s char g e  
Q changes . However ,  t h e  d e pth var i e s g r e a t l y .  I n  c ont r as t ,  
r ef e r r i n g  t o  f l ume  s tudies , s l o pe c an be var i ed wid e l y  a t  wi l l; 
but d e pth varia tions a r e  sma l l due t o  the phys i ca l  l imit a t i ons 
of  the pumping p l an t  and the f l ume . Bec au s e  of  the lim i t ed 
r ang e of d epth i n  most data , knowl edg e of the effect  of  depth 
var i at i on on bed r oughne s s  is meager . H owever , th er e i s  ampl e 
evidence that a change· in <:leplh can shif t the form of bed  
r ough�e s s  f�om dunes  t o  t r ans i t i on ,  p l ane bed , and inti­
dunes . The r educt i on in r e s i s t ance to f l ow which occur s as  
dunes  are  e l imina ted , accoun ts for  the d i s cont i nu i ty i n  s tage 
dis charg e  r e l a tions which h ave been obs e rved  in the l abo r a t o ry 
and f o r  many nat ur a l  s t r e am s . Typica l qua litative s tag e-dis­
char g e  curves  wh i ch i l l u s t ra te the eff ec t o f  chang e of bed 
roughne ss on s ta g e  a r e pr e s ented in F i g 6. 
I n  F i g . 6a the br eak which is  s hown is  caused by a chang e i n  
bed  r oughne s s  f r om dunes t o  p l ane  b e d  or s tanding waves. E i n­
s t ein and Ch i en (1958) in th� i r  discus s i on of  Brook's pa pe r (1958) 
r ec ogni z ed t ha t  the break  in the d e pth-discha r g e  curve cou l d  occur . 
However , cont rary  t o  pr e s en t  ev i d enc e ,  they thought the break  
wou l d  on ly  r ar e ly if ever  occur in  nature . The  br eak occurs  on 
the r i s i ng s ta g e  at  a lar g e r  Q than on t he fa l l ing  s tage . 
The r e  is  usua l l y g r e a t er s c a t t e r  a r ound th e l owe r l e g  of  the 
r e l a t i onship due to the wid e  var iat i on of  r e s i s tanc e to  f l ow 
with rippl es  and dune s on the bed . Und er c e r t ain c i rcums t anc e s , 
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Fig. 6 Typical Qualitative Stage-Discharge Curves for Alluvia l Channels. 
magn i tude  of r e s i s t anc e  t o  f l ow la g s  the actua l d i s char g e  Q .  
Tha t i s ,  th e chang e of  bed r oughnes s l ag s  the  chang e of  Q ;  
henc e ,  th i s  r e su l t s  in  a sma l l er r es i s tance t o  f l ow and sma l l er 
d e pth than wou l d  norma lly occur  f o r  equ i l i br ium f l ow .  The 
r ever s e  occu r s  on the f a l l i ng s t ag e . I n  t h i s i ns t anc e , .at 
the pea k  d i s c har g e , the form of bed r oughne s s  i s  a s s umed  
t o  be l ar g e  dune s . A s  d i s char g e  d e c r e a s e s , the l ar g e  dunes 
a r e  not a l t e r ed as f a s t  a s  the d i s charg e  chan g es , and the 
r es i s tanc e  and d e pth are l ar g e r  than f o r  equ i l i br i um f l ow on 
the f a l l ing  l eg of  the hyd r og r a ph .  Th i s  r esu l t s  in a l oop  type 
of s tage-d i s char g e  curve wh ich  r es emb l es a hys t e r e s i s  curve . 
The l oo p  curve i l l u s t r a t ed i n  F i g. 6b may be  r ever s ed 
wi th the fa ll i n g  s t a g e  po i nt s  p l o t t ing  be l ow the  r i s i ng s t ag e 
po i nt s ; o r  the  two curves  may co i nc i d e  w i t h  the  f a l l i n g  s tage  
po i nt s  p l o t t ing  on  the s am e  curve as  the  r i s i n g  s ta g e  po i nt s , 
o r  the r i s i ng and fa l l i ng s tag e curves  may c r os s . The f o rm 
of  the curve  wh i ch re su l ts d e pend s u p�n the  r a te  o f  cha ng e of  
Q w i th  r es pe c t  t o  t ime , the mag n i tude  of  the  d i schar g e , the 
cha r ac t er i s t i cs of the bed m at e r i a l , the effect  of  the f ine  
s ed i m ent  l oad , and the  charac t e r i s t i c s  of  the channel . 
CONCLUS I ON 
The f o rm s  of  bed  r oughne s s  ob s e rved  i n  a 150 f t  l ong 
rec i r cu l at i n g  f l ume a r e  es s e nt i a l ly t h e  s am e  as the f o rms of bed  
r oughne s s  o b s e rved i n  natur a l  and ar t i f i c i a l  c hanne l s . The 
var i ab l es whi ch effect  f orm of  bed  r oughnes s a r e  g iven i n  
Eq 2 :  
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F o rm of Bed Roughne s s  = ¢ (D , S ,  d ,  IT ,  Cf , p ,  p 5 , IJ ,  s f ' 
w ,  f 5 (2) 
tha t 
A c ompr ehens i ve ana l ys i s  of  the dat a co l l e c t ed i nd i c a t e  
1 .  R i pp l e s  may n o t  f or m  wh en d � 2 . 0 mm .  
2 .  Dun e s  may not form when d � 7 . 0 mm .  
3. When d < 0 . 2 mm, the r an g e  o f  b e d  shear  ( y DS ) 
w i t h i n  wh i ch dunes d eve l o p  i s  very l imi t ed and i f  
the  sand i s  very  f i ne , dune s may no t f o rm at  a l l .  
4 ·  A t r ans i t i on zo ne f o l l ows d une s i n  wh i c h  dunes 
ar e g radua l l y washed out as bed shear i s  i nc r eas ed . 
5. When d > 0 .45 mm the trans i t i on z one  i s  n o t  e l imi ­
na t e d  unt i l F r � l .  
6 .  Wh en d < 0 . 30 mm, the t r ans i t i on z one t e rmina t es  
at  a F r < 1 and a p 1 an e bed con  d i t i on ex  i s t s 
ther eaf t e r  unt i 1 F r  � 1 .  
7 •  When d < 0.3 mm and Fr  > 1 ant i dune s d eve l o p .  
8 .  When d = 0.45 mm and 1 < F r  < 1 . 2  s tand i ng waves  
" d eve l o p. 
9 .  A t  l ar g e  Froud e number s ,  Fr> 1.2 f o r  the 0 . 28 
mm sand an d F r :> 1 . 8 for  the 0 . 45 mm s and , the 
chu t e  and poo l  type of  ant i dune s d eve l o p .  
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I nf o rma t i on on t h e  eff e c t  of  bed  form  on r e s i s t anc e t o  
f l ow for  the f i e l d s i tuat i on i s  l i mi t ed. Furthermor e ,  contr ary 
to f l ume exper i ment s  whe r e  s lo pe may be  var i e d  g r eat l y  and 
d e pth  har d l y  at  a l l ,  in  the natur a l  s t r eam s l o pe var i e s  bu t 
s l i ght l y  and d e pth var i e s  g r e a t l y. However , i n  many natura l 
s t re ams a chang e i n  bed form  w i t h  s t age  has been obs erved . 
Th i s  chan g e  i n  bed  f o rm has , i n  s ome ins t ances , r e s u l ted  i n  a 
b r e a k  i n  the  s tage-d i s char ge  r e l a t i onsh i p  and i n  o the r s  a 
l oo p  s tage-d i schar ge  curve . 
T o  broaden the s c o pe of the i nformat i on pr e s ent ed  he r e i n ,  
add i t i ona l s tudi es  shou l d  b e  c onduc t ed i n  the f i e l d  and l abo ra­
t o ry to  d e t ermi ne , mor e  pr ec i s e ly ,  t he eff e c t  of  d e pth of f l ow 
D ,  s i z e  of  bed  mater i a l  d ,  g r adat i on of  the bed  ma t e r i a l  
and channe l shape o n  the forms of bed  roughne s s , r e g i mes  of  
f l ow ,  s ed i ment t rans po r ta t i on phenomeno n ,  r e s i s tance t o  f l ow,  
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